Introduction
============

Movement of the larynx and hyoid bone is one of the important factors during swallowing to ensure that food boluses are smoothly carried to the esophagus without aspiration; however, reduced hyoid elevation is a common cause of aspiration in the elderly.[@b1-cia-12-629],[@b2-cia-12-629] Perlman et al[@b3-cia-12-629] reported that reduced hyoid elevation was associated with a 3.5-fold greater risk of aspiration. Moreover, Furukawa[@b4-cia-12-629] reported that the potential for dysphagia is increased if the position of the hyoid bone, which lowers with age, is not compensated by increased elevation during swallowing. Thus, given the significant implications of hyoid bone motion analyses in swallowing dynamics, various studies have investigated and quantified superior and anterior displacements of the hyoid bone during swallowing by means of videofluorography (VF).[@b1-cia-12-629],[@b2-cia-12-629] Lateral VF imaging studies have found that anterior displacement of the hyoid bone is involved in the upper esophageal sphincter opening, whereas superior displacement is involved in laryngeal closure.[@b5-cia-12-629],[@b6-cia-12-629] In the anterior displacement of the hyoid bone, movement is primarily of the geniohyoid, whereas the anterior belly of the digastric muscle works in an auxiliary capacity. Meanwhile, in the superior displacement of the hyoid bone, the mylohyoid is the primary muscle and the posterior belly of the digastric muscle works as the auxiliary muscle.[@b7-cia-12-629] Considering dynamic allocation, it is apparent that there is an effect of suprahyoid muscle strength on hyoid dynamics and its position. However, it is difficult to measure suprahyoid muscle strength directly. Making use of the mutual movement of the suprahyoid muscles, which include the jaw-opening muscles and the hyoid elevators, we developed a meter to measure jaw opening force as a simple means to evaluate swallowing function.[@b8-cia-12-629] Jaw opening force is correlated with grip strength, which is an indicator of systemic muscle strength.[@b8-cia-12-629] As compared with healthy adults, healthy elderly individuals have significantly reduced jaw opening force.[@b9-cia-12-629] Moreover, reduced jaw opening force has been suggested to increase the risk of aspiration and pharyngeal residue.[@b10-cia-12-629] However, the relationship between jaw opening force and hyoid bone dynamics has not fully been understood. Therefore, the aim of this study was to investigate the relationship between jaw opening force and hyoid bone movement and its position in the healthy elderly based on gender.

Subjects and methods
====================

Subjects
--------

This was a cross-sectional, observational study. Subjects were 36 community-dwelling healthy individuals aged ≥65 years (16 men and 20 women; mean age 75.5 years, range 65--88 years) who underwent health examinations as outpatients between September and November 2015. All of them lived independently. People having difficulty with communication and physical function were excluded. We also excluded people who had arthrosis of the temporomandibular joint and limited jaw opening. Those with any history of undergoing treatment or rehabilitation for dysphagia and those with cerebrovascular disease and/or neuromuscular disease were excluded. The study protocol was approved by the ethics committee of Tokyo Medical and Dental University School of Dentistry (approval number: 1143), and written informed consent was obtained from all subjects and their families after receiving an explanation of the study. After estimating a Spearman's correlation coefficient of 0.678 for quantitative variables (coinciding with the value determined in similar studies),[@b11-cia-12-629] *P*=0.05, and a power of 0.80 for a bilateral hypothesis, the sample size was found to be 12 individuals (G\*Power 3.1 software; Kiel University, Kiel, Germany).

Procedure
---------

Lateral VF images were taken at a speed of 30 frames/s using the digital X-ray TV system Flexavision (Shimadzu Medical Systems Corp, Osaka, Japan) and video recorded with a digital recorder (DV-AC82; Sharp Corporation, Osaka, Japan). Afterward, the video was converted to MP4 format and loaded on to a personal computer. During analysis, subjects were sitting on the chair at a 90° angle with their necks in the intermediate position, lead spheres measuring 14.3 mm in diameter were attached as markers to the cervical spine of the subjects. An investigator then injected 10 mL of 40% (w/v) barium sulfate into the sublingual region of the subject using a syringe. The subjects were instructed to swallow freely at their own pace, and the obtained image data were used to evaluate the movement of the hyoid during swallowing.[@b12-cia-12-629]

Jaw opening force was measured by a dentist with clinical experience of treating dysphagia patients by means of a jaw opening force sthenometer (Livet Inc., Tokyo, Japan; [Figure 1](#f1-cia-12-629){ref-type="fig"}). The jaw opening force sthenometer is composed of a cap that covers the head, an adjustable chin cup fitted with two belts, and a force meter. The head cap is placed over the head and the chin cup is placed underneath the chin and fastened as tightly as possible to prevent the jaw from opening with adjustable belts. Since the distance between the head and mandible and head circumference differed among participants, the belts were adjustable with a hook. The jaw-opening sthenometer was calibrated to zero before each measurement. The subjects were seated comfortably on a chair with their head in a relaxed and intermediate position. Once the apparatus was fitted, the subjects were instructed to open their mouths to the maximum to measure jaw opening force in Newton (N). Measurements were taken three times, and the mean of the three measurements was used for analysis.

Hyoid position and displacement measurement methods
---------------------------------------------------

A coordinate system was established with the *y*-axis forming a straight line connecting the lower ends of the second and fourth cervical vertebrae and the *x*-axis forming a straight line drawn perpendicular from the lower end of the fourth cervical vertebra to the *y*-axis ([Figure 2](#f2-cia-12-629){ref-type="fig"}). The lower end of the fourth cervical vertebra was established as the point of origin, and the upper end of the body of the hyoid bone was established as the position of the hyoid bone. The distance from the point of origin to the *x--y* coordinates (mm) was then measured.[@b2-cia-12-629],[@b13-cia-12-629]

The resting hyoid position was defined as the position of the standing hyoid with the oral cavity empty and was calculated as the vertical distance from the upper end of the hyoid bone to the *y*-axis. The maximum hyoid position was defined as the farthest displaced position during deglutition and was calculated as with resting hyoid position. The distance from the resting position to the farthest displaced position was measured and designated the maximum hyoid displacement distance. The displacement distance in the direction of the *x*-axis was calculated as the degree of anterior displacement, the displacement distance in the direction of the *y*-axis was calculated as the degree of superior displacement, and the square root of the value obtained by squaring and adding these values was calculated as the degree of hypotenuse displacement.

Data processing and analysis
----------------------------

Imaging software (ImageJ version 1.49; National Institutes of Health, Bethesda, MD, USA) was used for image analysis, and SPSS Statistics 20.0J software (IBM Japan, Ltd., Tokyo, Japan) was used for statistical analysis. The differences between men and women were analyzed using Mann--Whitney *U* test. The primary purpose of this study was to determine effective correlation between jaw opening force and hyoid bone dynamics, including its position. The Spearman's rank correlation coefficient was used to examine the relationship between jaw opening force, resting hyoid position, maximum hyoid position, and degrees of anterior, superior, and hypotenuse displacements. The level of statistical significance was set at *P*\<0.05.

Results
=======

The mean (± the standard deviation \[SD\]) jaw opening force was 76.5±29.4 N in men and 48.1±12.7 N in women. A significant difference was found between men and women (*P*\<0.01, γ =0.002). The resting hyoid position was 8.1±7.5 mm in men and 8.4±8.9 mm in women. There was no significant difference between genders. The degree of hyoid displacement in each direction is shown in [Table 1](#t1-cia-12-629){ref-type="table"}. Although no significant difference between genders was found in forward displacement, there were significant differences between genders in upward and hypotenuse displacements (*P*=0.01, γ =0.005 and *P*=0.05, γ =0.010, respectively).

In men, there was a positive correlation between jaw opening force and resting hyoid position (*R*=0.723; *P*=0.002) and negative correlations with all the degrees of anterior, superior, and hypotenuse displacements of the hyoid bone (*R*=−0.511, *P*=0.043; *R*=−0.821, *P*=0.000; and *R*=−0.799, *P*=0.000, respectively; [Table 2](#t2-cia-12-629){ref-type="table"}). In women, there was no statistically significant correlation between jaw opening force and any of the measurement items. There was no statistically significant correlation between jaw opening force and maximum hyoid position in either men or women ([Table 2](#t2-cia-12-629){ref-type="table"}).

Discussion
==========

Resting hyoid position and hyoid displacement are important indices for evaluating swallowing function. However, videofluoroscopic swallowing test must be performed to evaluate hyoid bone position, and this is often clinically inapplicable in cases where there is a risk of radiation exposure and the patient is confined to bed. In contrast, the jaw opening force sthenometer that we developed is portable, has no associated risks, and is extremely simple to use. As for jaw opening force, hyoid resting position and hyoid dynamics are considered to be affected directly by the suprahyoid muscles. Although a correlation was noted for males only in this study, it is notable that we discovered a simple method for determining laryngeal swallowing dynamic function in the form of hyoid elevation and hyoid position.

Relationship between jaw opening force and resting hyoid position
-----------------------------------------------------------------

This study examined elderly individuals aged ≥65 years and revealed a correlation between jaw opening force and resting hyoid position only in men. Lowering of the larynx and hyoid is believed to result from age-related atrophy of the suprahyoid muscle fibers, reduced tension, and loosening of the ligaments.[@b14-cia-12-629] On the other hand, a previous study reported that when comparing jaw opening force in healthy individuals, the strength of the suprahyoid muscles was lower in those aged ≥70 years than in those aged \<70 years.[@b9-cia-12-629] Greater jaw opening force leads to higher hyoid position at rest because when measuring jaw opening force, the muscles and joints are in a fixated position. Therefore, it may reflect the strength of slow muscles (type I muscle fibers), which maintain stationary positions, more than fast muscles (type II muscle fibers). In addition, as reported elsewhere, increased muscle length may alter the fine balance of muscle properties and joint kinematics that combine to produce force.[@b15-cia-12-629] It suggests that longer muscles are built for excursion and shorter ones for force. Age-related changes in the endocrine system in terms of insulin-like growth factor 1 (IGF-1) and testosterone are believed to partially explain why the rate of decrease in muscle mass and muscle strength is greater in men than in women. In men, hormones, such as IGF-1 and testosterone, which have an anabolic effect on skeletal muscle are reported to be particularly prone to age-related changes.[@b16-cia-12-629] Decreases in blood levels of these hormones could render men more susceptible to reductions in skeletal muscle mass. Moreover, although differences in physique were not considered in this study, the fact that men with relatively larger physiques are more affected by gravity than women may be one of the reasons why men were more likely to exhibit lowering of the hyoid bone due to decreased muscle strength. In fact, a comparison of measurements of hyoid position from the lower jaw using computed tomography by age group and gender showed an increase in this distance only in male elderly individuals, whereas no age-related change was observed in women.[@b17-cia-12-629] The distance between the hyoid bone and lower jaw, therefore, appears to be significantly greater in elderly men than in elderly women. Because the SD in the female cohort was small and in the male cohort was large in a small sample size, it is also assumed that *r* values were not significant in females and were significant in males. However, women may have a protective "flexibility" in the oropharyngeal swallow mechanism that allows them to better compensate for aging than men as Logemann et al[@b1-cia-12-629] have suggested. Perhaps through adaptation in aging, the muscle architecture changed and these physiological differences are seen in the data.

Relationship between jaw opening force and hyoid movement
---------------------------------------------------------

In men, there was a negative correlation between jaw opening force and all the degrees of superior, anterior, and hypotenuse displacements of the hyoid bone during swallowing. As presented in the results ([Table 2](#t2-cia-12-629){ref-type="table"}), a possible reason is that a greater jaw opening force elevates the resting position of the hyoid bone, thereby shortening the distance that the hyoid bone is pulled. Our study showed no correlation between jaw opening force and maximum hyoid elevation in both males and females, which was consistent with the findings of a previous report indicating that there were no clear aging-related changes in maximum hyoid elevation during swallowing.[@b14-cia-12-629] The elevation distance necessary to achieve normal swallowing increases when the resting position of the hyoid lowers as a result of age.[@b17-cia-12-629] A high hyoid position can be advantageous for swallowing because effective elevation can be achieved to prevent aspiration with minimal movement, which explains why the degree of hyoid elevation is increased in elderly men with a lowered hyoid position. However, according to previous reports, elderly men experience less hyoid elevation than young men.[@b1-cia-12-629],[@b2-cia-12-629] Because this study only examined healthy individuals, no subjects experienced any aspiration or noticeable residue even with a lowered resting hyoid position. Nonetheless, in a past report that examined dysphagia caused by conditions such as cerebrovascular disease, neuromuscular disease, and disuse syndrome, findings of aspiration and pharyngeal residue in the group of subjects with reduced jaw opening force suggested that the disability-related inability to compensatorily increase the elevation distance of the hyoid lowered as a result of low jaw opening force is the cause of these abnormal findings.[@b10-cia-12-629]

Conclusion
==========

The results of this study suggest that a low jaw opening force results in a low resting hyoid position only in elderly men. Moreover, a low hyoid position in elderly men was found to result in a compensatory increase in the total degree of hyoid movement during swallowing, and a maximum hyoid position in healthy individuals of either gender does not differ depending on their jaw opening force.

Study limitations
=================

The degree of hyoid bone displacement during swallowing of fluids, resting hyoid position, and jaw opening force was only evaluated in healthy elderly individuals. Going forward, further experiments using the same methods will be needed to compare and examine the results of healthy adult men and women with those of the healthy elderly men and women in this study. We also intend to include jaw opening force, resting hyoid position, and hyoid bone movement as variables for examination in those with and without sarcope-nia and with dysphagia caused by cerebrovascular disease and/or neuromuscular disease.
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###### 

Participant characteristics and hyoid displacement

                                            Men         Women       Mann--Whitney *U* test (*P*-value)
  ----------------------------------------- ----------- ----------- -------------------------------------------------
  n                                         16          20          
  Age (mean ± SD)                           76.6±5.7    74.6±6.9    
  Resting hyoid position, mm (mean ± SD)    8.1±7.5     8.4±8.9     0.774
  Maximum hyoid position, mm (mean ± SD)    29.3±6.0    22.7±8.0    0.011[a](#tfn1-cia-12-629){ref-type="table-fn"}
  Jaw opening force, N (mean ± SD)          76.5±29.4   48.1±12.7   0.002[b](#tfn2-cia-12-629){ref-type="table-fn"}
  Forward displacement, mm (mean ± SD)      10.5±4.0    10.4±3.3    0.924
  Upward displacement, mm (mean ± SD)       21.2±6.3    14.3±6.4    0.005[b](#tfn2-cia-12-629){ref-type="table-fn"}
  Hypotenuse displacement, mm (mean ± SD)   23.8±6.9    18.4±5.0    0.010[a](#tfn1-cia-12-629){ref-type="table-fn"}

**Note:**

*P*\<0.05,

*P*\<0.01.

**Abbreviation:** SD, standard deviation.

###### 

Correlation of jaw opening force with resting/maximum hyoid position and hyoid displacement

                    Resting hyoid position                            Maximum hyoid position   Forward displacement                               Upward displacement                                Hypotenuse displacement
  ----------------- ------------------------------------------------- ------------------------ -------------------------------------------------- -------------------------------------------------- --------------------------------------------------
  Men                                                                                                                                                                                                
   Spearman's *R*   0.723[a](#tfn4-cia-12-629){ref-type="table-fn"}   0.000                    −0.511[a](#tfn4-cia-12-629){ref-type="table-fn"}   −0.821[b](#tfn5-cia-12-629){ref-type="table-fn"}   −0.799[b](#tfn5-cia-12-629){ref-type="table-fn"}
   *P*-value        0.002                                             1.000                    0.043                                              0.000                                              0.000
  Women                                                                                                                                                                                              
   Spearman's *R*   −0.004                                            −0.018                   0.086                                              −0.123                                             −0.094
   *P*-value        0.987                                             0.938                    0.719                                              0.604                                              0.693

**Note:**

*P*\<0.05,

*P*\<0.01.
